Introduction
Allogeneic bone marrow transplantation (allo-BMT) can cure hematological malignancies and other blood disorders. However, alloimmune T cell responses arising against foreign tissue antigens can trigger major complications such as graft-versus-host disease (GVHD) after allo-BMT (1) (2) (3) . At the onset of GVHD, donor T cells are exposed to host tissue alloantigens in a highly inflammatory environment, inducing potent T cell immunoreactivity and subsequent pathogenicity. Current GVHD prophylactic and therapeutic strategies act through global immunosuppression and thus diminish both beneficial and detrimental aspects of T cell alloreactivity. Efforts to develop new selective therapies to dampen GVHD have focused on early microenvironmental signals to donor alloreactive T cells (4) . Many of these signals, which include alloantigens, costimulatory ligands, and local inflammatory mediators, have been assumed to derive from hematopoietic antigen-presenting cells (APCs) (5) (6) (7) . However, recent work demonstrated that CD4 + T cell-mediated alloresponses can occur in the absence of hematopoietic APCs as a source of alloantigens (8) (9) (10) , suggesting that our current understanding of key early cellular and molecular events that drive donor T cell-mediated GVHD is incomplete.
The Notch pathway has emerged as a new, attractive therapeutic target to control the deleterious effects of T cell alloimmunity (11) (12) (13) (14) (15) (16) (17) . Notch signaling is a conserved cell-to-cell communication pathway mediated by interactions between NOTCH1-4 receptors and their ligands Delta-like 1/3/4 (DLL1/3/4) or JAG-GED1/2 (JAG1/2) (18, 19) . During GVHD, DLL1/4 ligands in the host engage NOTCH1/2 receptors in T cells, and transient systemic blockade of DLL1/4 Notch ligands with neutralizing antibodies results in long-term protection from GVHD (14) . Despite the central role of Notch signaling in alloreactivity, the timing of critical Notch signals, the cellular source of Notch ligands, and the Alloimmune T cell responses induce graft-versus-host disease (GVHD), a serious complication of allogeneic bone marrow transplantation (allo-BMT). Although Notch signaling mediated by Delta-like 1/4 (DLL1/4) Notch ligands has emerged as a major regulator of GVHD pathogenesis, little is known about the timing of essential Notch signals and the cellular source of Notch ligands after allo-BMT. Here, we have shown that critical DLL1/4-mediated Notch signals are delivered to donor T cells during a short 48-hour window after transplantation in a mouse allo-BMT model. Stromal, but not hematopoietic, cells were the essential source of Notch ligands during in vivo priming of alloreactive T cells. GVHD could be prevented by selective inactivation of Dll1 and Dll4 in subsets of fibroblastic stromal cells that were derived from chemokine Ccl19-expressing host cells, including fibroblastic reticular cells and follicular dendritic cells. However, neither T cell recruitment into secondary lymphoid organs nor initial T cell activation was affected by Dll1/4 loss. Thus, we have uncovered a pathogenic function for fibroblastic stromal cells in alloimmune reactivity that can be dissociated from their homeostatic functions. Our results reveal what we believe to be a previously unrecognized Notch-mediated immunopathogenic role for stromal cell niches in secondary lymphoid organs after allo-BMT and define a framework of early cellular and molecular interactions that regulate T cell alloimmunity.
Fibroblastic niches prime T cell alloimmunity through Delta-like Notch ligands as nonredundant sources of DLL1-mediated Notch signals to marginal-zone B cells and DCs that express high levels of endothelial cell-specific adhesion molecule high (ESAM hi DCs), as well as of DLL4-mediated signals to follicular helper T cells (32) . Thus, multiple cellular sources have the potential to deliver Notch signals to T cells in vivo after allo-BMT, making it unclear whether critical signals are delivered in a defined microanatomical niche, and by hematopoietic or stromal cells.
To address these questions, we used a combination of systemic neutralizing antibodies and loss-of-function genetics to interrogate the in vivo spatial and temporal requirements for DLL1/4-mediated Notch signaling during GVHD. Surprisingly, we found that essential Notch signals were delivered to incoming T cells within 2 days of allo-BMT and that both donor and host hematopoietic cells were dispensable as a source of Notch ligands driving acute GVHD. In contrast, we found that subsets of nonhematopoietic fibroblastic stromal cells lineage traced with a Ccl19-Cre transgene functioned as the essential cellular source of Delta-like Notch ligands after allo-BMT. Interference with Notch ligands in fibroblastic stromal cells had selective effects on T cell alloreactivity and did not impair other functions of these cells in immune homeostasis. These findings change our understanding of the key early cellular and molecmicroanatomical context in which alloreactive T cells are exposed to Notch signaling in vivo remain unknown.
Early studies showed that hematopoietic APCs such as DCs can express DLL1 and DLL4 ligands in a TLR-inducible manner (20, 21) . These observations led to the widely accepted concept that hematopoietic APCs can simultaneously deliver antigen and Notch ligands to modulate T cell function. In vitro studies supported this model, as TLR agonist-stimulated antigen-pulsed DCs induced naive T cells to differentiate in a Notch-regulated manner (21, 22) . Similarly, a subpopulation of CD11c + DLL4
hi DCs was capable of delivering Notch signals to alloreactive T cells in mixed lymphocyte reactions when purified from GVHD animal models (23) . However, the in vivo relevance of APC-derived Notch signals has not been rigorously tested, and their importance has been inferred indirectly on the basis of their capacity to modulate T cell responses in vitro. Nonhematopoietic cells also express Notch ligands in multiple contexts, including in primary and secondary lymphoid organs (SLOs). In the thymus, FOXN1
+ thymic epithelial cells act as nonredundant transducers of DLL4-mediated signals during T cell development (24) (25) (26) . Blood and lymphatic endothelial cells (BECs and LECs) express high levels of DLL1 and DLL4 (27) (28) (29) (30) (31) . Finally, genetic studies identified fibroblastic stromal cells in SLOs + T cells on day 6 (n = 5 mice/group). *P < 0.05, **P < 0.01, ***P < 0.001, and NS = P > 0.05, by unpaired, 2-tailed Student's t test with Sidak's correction for multiple comparisons. Data are representative of at least 4 experiments; error bars indicate SD.
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jci.org Volume 127 Number 4 April 2017 JCI89535DS1). In contrast, delayed initiation of antibody treatment by only 2 days resulted in loss of clinical protection, persistent IFN-γ and TNF-α production, and no increase in Treg numbers. DLL1/4 blockade inhibited cytokine production and Notch target gene expression in T cells recovered from both spleens and lymph nodes (LNs) (Supplemental Figure 1 , B and C). Notch target gene expression was decreased in proliferating donor-derived alloreactive T cells isolated during the temporal window of Notch sensitivity (Supplemental Figure 1 , D and E). These data identify an early pulse of Notch signaling delivered within 2 days of allo-BMT that programs T cells to a pathogenic state of reactivity. Donor and host hematopoietic cells are dispensable sources of Notch ligands during GVHD. The early window of sensitivity to Notch inhibition suggested that T cells might receive Notch signals from residual host hematopoietic APCs, which can express both alloantigens and Notch ligands (21) (22) (23) (33) (34) (35) . To test whether hematopoietic APCs were responsible for delivering Notch signals to donor alloreactive T cells, we generated BM chimeras lacking DLL1/4 ular events that condition the outcome of T cell alloimmunity. In addition, they pave the way toward the development of targeted therapeutic approaches to block Notch signaling and other stromal niche-derived pathogenic signals in GVHD and other T cellmediated immune disorders.
Results
Early DLL1/4-mediated Notch signals drive T cell alloreactivity during acute GVHD. To understand the temporal requirement for Notch signaling after allo-BMT, we used neutralizing antibodies against DLL1 and DLL4 Notch ligands in an irradiation-dependent MHC-mismatched mouse allo-BMT model ( Figure 1A) . A single injection of DLL1-and DLL4-neutralizing antibodies before allo-BMT was sufficient for long-term protection from GVHD lethality and morbidity, decreased production of T cell proinflammatory cytokines by CD4 + and CD8 + T cells, and expanded FoxP3 + Tregs (Figure 1 , B-D, Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/ + T cells and CD8 + cells on day 6 (n = 5 mice/group). *P < 0.05, **P < 0.01, and NS = P > 0.05, by unpaired, 2-tailed Student's t test with Sidak's correction for multiple comparisons. Data are representative of at least 2 experiments; error bars indicate SD. Figure 2A) (Figure 2A ). This strategy led to efficient Cre-mediated recombination and high donor chimerism in all hematopoietic APCs (Figure 2 , B and C).
→B6-CD45.1 chimeras as compared with control BM chimeras did not protect mice from GVHD mortality or morbidity ( Figure 2D ). In contrast, systemic antibody-mediated DLL1/DLL4 blockade protected both Dll1
→B6-CD45.1 and control BM chimeras from GVHD lethality. Consistent with persistent exposure to DLL1/4 ligands in these mice, donor- 
Δ/Δ recipient mice on day 2 after transplantation (n = 5 mice/group). *P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired, 2-tailed Student's t test with Sidak's correction for multiple comparisons. Data are representative of at least 5 experiments; error bars indicate SD. T cell cytokine production was preserved after allo-BMT into Tg Ccl19-Cre+ Dll1 +/+ Dll4 +/+ control recipients, ruling out Cre toxicity (Supplemental Figure 5 ). To assess whether DLL1/4 blockade
) had no impact on T cell cytokine production or Treg frequencies (Supplemental Figure 2 , B-D), despite sensitivity to systemic DLL1/DLL4 blockade. might impact GVHD through effects that are independent of T cells, we established an experimental system that preserved stroma-derived Notch signals in T cells, but removed Notchdependent non-T cells. Past work showed that NOTCH2 receptors engaged by stromal DLL1/4 ligands control the development and/ or maintenance of ESAM hi DCs, CD8 + DCs, and marginal-zone B cells in the spleen (39) (40) (41) . We generated syngeneic BM chimeras using poly(I:
fl/fl progenitors (Supplemental Figure 6A ). These BM chimeras lacked marginal-zone B cells and had decreased numbers of NOTCH2-dependent CD8 + and ESAM hi DCs, as expected (Supplemental Figure 6B and refs. 39-41). We subjected these BM chimeras to allogeneic BMT with MHC-mismatched BALB/c BM and purified T cells. With this approach, recipient mice lacked NOTCH2-dependent host populations but had preserved stromal DLL1/4 expression (Supplemental Figure 6 , A, C, and D). Systemic DLL1/4 inhibition blocked the production of IL-2, IFN-γ, and TNF-α by donor-derived T cells after allo-BMT. In contrast, Tg Mx1-Cre+ Notch2 Δ/Δ chimeras showed preserved cytokine production in LNs and increased, but not decreased, production in donor-derived splenic T cells. These findings indicate that loss of NOTCH2-dependent host splenic cells cannot indirectly explain the impact of DLL1/4 inhibition during GVHD, which is consistent with the observed direct effects of DLL1/4 on donor T cells. tribbles pseudokinase 2 (Trib2), and hairy and enhancer of split 1 (Hes1) in donor CD4 + T cells ( Figure 5F ). However, phosphatase and tensin homolog (Pten) mRNA was unchanged, indicating that Hes1-mediated Pten repression did not operate in alloreactive T cells (52, 53) . Other genes, including Myc, that were previously identified as Notch transcriptional targets in T cell acute lymphoblastic leukemia were expressed at normal levels ( Figure 5F and refs. 54, 55). Altogether, DLL1/4 loss in FRCs maintained T cell recruitment and initial activation, which is consistent with our observation of preserved classical FRC functions but selective loss of DLL1/4-mediated instructive signals to incoming T cells.
Irradiation rapidly alters the microanatomy of SLOs. To assess the impact of allo-BMT on SLO organization with respect to Ccl19-Cre + fibroblastic stromal cells, we studied Tg Ccl19-Cre+ ROSA26 eYFP mice. We found that allo-BMT reduced LN cellularity due to loss of radiosensitive hematopoietic cells, while absolute numbers of eYFP + cells were preserved ( Figure 6A ). Flow cytometric analysis and immunofluorescence microscopy revealed markedly increased relative frequencies of eYFP + stromal cells in LN and spleen after allo-BMT ( (43), and support the overall SLO infrastructure (37, (44) (45) (46) (47) (48) . Physical loss of FRCs disrupts immune homeostasis, leading to profoundly impaired immune responses (37) . To determine whether these FRC functions were preserved in Tg 
Dll1
Δ/Δ Dll4 Δ/Δ mice, we studied these mice during steady state and in the peri-transplantation period. SLOs from nonirradiated Tg Ccl19-Cre+ Dll1 Δ/Δ Dll4 Δ/Δ mice had normal lymphocyte numbers, naive/memory T cell distribution, and Il7 expression in FRCs (Figure 4, A-D) . After allo-BMT, normal numbers of donor T cells were recovered upon Dll1/4 inactivation in FRCs and showed no impact on T cell homing or survival ( Figure 5A ). Donor T cell proliferation was maintained in Tg Ccl19-Cre+ Dll1 Δ/Δ Dll4 Δ/Δ recipients ( Figure  5 , B and C), or was only mildly decreased at early time points for CD4 + T cells ( Figure 5B ). Donor CD4 + and CD8 + T cells normally upregulated the early activation markers CD44 ( 
CD31
-FRCs marked by delineated by the stromal markers podoplanin (PDPN) and CD35, respectively. T zone Ccl19-Cre + fibroblastic cells showed increased staining intensity for PDPN, while CD35, CD157/BP3, and mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1) staining of stromal cells in B follicles was also highly apparent ( Figure 6D and Supplemental Figure 7C ). The increased staining intensity could be related at least in part to the rise in stromal cell density within a given surface area after irradiation ( Figure 6B ). Thus, allo-BMT rapidly altered the spatial organization of lymphoid organ-resident cells, exposing donor T cells to a dense network of stromal cells. In this study, several populations of stromal cells were lineage traced by Ccl19-Cre and should, given our findings, be considered potential essential sources of DLL1/4 Notch ligands available to alloreactive T cells at the onset of GVHD. Our findings identify spleen and LN fibroblastic stromal cells expressing high levels of PDPN and CD157 as prime candidates for sources of DLL1/4 Notch ligands. These DLL4-expressing fibroblasts are referred to as FRCs and are thought to reside predominantly in the T cell zone of SLOs. In addition, we detected high DLL4 expression in stromal cells with characteristics of FDCs. Although these cells are located within follicles that are not typically entered by naive T cells, post-irradiation changes may change trafficking rules in SLOs and render FDCs accessible to incoming alloreactive T cells, reminiscent of T follicular helper cells and memory CD8 + T cells (57) . The small fraction of LECs lineage traced by Ccl19-Cre also represents a potential source of Notch ligands in LNs. However, we observed prominent DLL1/4-dependent effects on alloreactive T cells located in the spleen, even during the early peri-transplantation period, when T cell recirculation is unlikely. As the spleen contains hardly any LECs, these cells are unlikely to be the dominant source of DLL1/4 ligands in GVHD. We observed no DLL4 expression in red pulp cells, where very little Ccl19-Cre activity was detected. Aside from its activity in the spleen and LNs, Ccl19-Cre is also active in fibroblastic cell subsets from Peyer's patches (58) . Thus, Peyer's patches and other gut-associated lymphoid structures could also be sites of DLL1/4-mediated Notch activation in T cells during GVHD.
Immunofluorescence microscopy and flow cytometric analysis of SLOs after allo-BMT demonstrated that Delta-like Notch ligand expression was not uniformly distributed throughout all fibroblastic stromal cells of the lymphoid compartment. Instead, we observed focal niches of Notch ligand expression within Ccl19-Cre + cells marked by the stromal surface markers CD157 and CD21/35. Concomitant expression of chemokines and Delta-like Notch ligands in resident nonhematopoietic cells within defined SLO niches bears similarities to the coregulated expression of chemokines and DLL4 ligands in cortical thymic epithelial cells. In the thymus, Foxn1 controls expression of CCL21/25 and DLL4, which is critical to attract lymphoid progenitors and induce T lineage development (26) . We speculate that SLOs rely on a similar organizational module to attract immune cells to defined niches with specialized immunological functions in which they are exposed to Notch ligands and other regulatory signals. This is consistent with the role of fibroblastic stromal cells as a source (Figure 7 ). In the spleen, characterization of stromal cells by flow cytometry is more challenging than in LNs due to difficulties in isolation and the presence of many red pulp fibroblasts (39 Figure 8, A and B) . Histological evaluation revealed that these cells were restricted to the white pulp cords and most likely represented T zone FRCs and B zone FDCs (Supplemental Figure  7 , A-C). Both cell populations expressed surface DLL4 that was abrogated by Ccl19-Cre-mediated Dll4 inactivation (Supplemental Figure 8C ). eYFP was also detected in fewer than 10% of the rare PDPN +
-CD157 lo cells and in fewer than 2% of PDPN -CD31 -cells (which are heterogeneous and most likely include red pulp-derived fibroblasts). However, flow cytometry did not detect surface DLL4 in these latter cell types, a finding consistent with our observation of restricted expression of DLL4 in fibroblast subsets of the white pulp.
Immunofluorescence microscopy of spleens from Tg Figure 8C ). To assess whether alloantigen-specific T cells first localized next to DLL4-expressing stromal cells in SLOs after allo-BMT, we injected CD4 + 4C T cell receptor-transgenic (TCR-transgenic) T cells specific to recipient I-A d MHC class II and tracked these alloantigen-specific T cells during their early window of Notch sensitivity. Using EdU incorporation, we detected proliferating donor 4C T cells only within white pulp cords, close to both DLL4-expressing CD157 + and CD35 + fibroblastic stromal cells (Figure 8, C-E) . Altogether, our data suggest that fibroblastic subsets of the white pulp cords form specialized niches that provide DLL4 Notch ligands to incoming T cells and promote their pathogenic properties at the onset of GVHD.
Discussion
Preclinical models identified donor and host hematopoietic APCs as critical cellular partners of donor T cells at the onset of GVHD (2, 5-7, 56). Early interactions between donor T cells and APCs, gests that fibroblastic stromal cell subsets regulate specific aspects of immune cell biology through dedicated signaling pathways (e.g., Notch), consistent with the delivery of unique activation codes to immune cell subsets. Moreover, the post-transplantation environment may enhance the delivery of Notch signals to incoming T cells through activation of fibroblastic stromal cells after irradiation and loss of competing radiation-sensitive host lymphocytes. The precise molecular mechanisms by which early Notch signals increase the pathogenicity of alloreactive T cells remain to be investigated further. We previously reported that Notch-deprived alloreactive T cells acquire a hyporesponsive phenotype with decreased TCR/CD28-mediated Ras/MAPK and NF-κB activation (65) . As these changes were observed upon genetic interference with the Notch transcriptional activation complex (11, 14, 65) , the effects of Notch signaling in alloreactive T cells must ultimately be mediated by canonical transcriptional mechanisms. Our observations now provide insights into the critical early window of time during which alloantigen-specific T cells are exposed to essential Notch signals. Gene expression analysis revealed that only small numbers of known Notch transcriptional targets, including Dtx1, Hes1, Il2ra, and Trib2, were downregulated in this context. More work is necessary to establish whether the profound effects of Notch signaling in alloreactive T cells are accounted for by novel effects of these known Notch target genes, or by other previously unknown transcriptional targets that are controlled by Notch in mature T cells.
Our in vivo results contrast with those of past work identifying a role for stromal cells as negative regulators of immune responses (66) (67) (68) , as the dominant role of these cells after allo-BMT was to promote rather than restrain alloimmune reactivity. In previous studies, the addition of ex vivo-isolated FRCs to T cell/DC cocultures suppressed T cell proliferation in a dose-dependent fashion. Suppression was mediated by IFN-γ-dependent upregulation of NOS2 and COX1/2-dependent metabolites within FRCs. While Nos2 inactivation resulted in enhanced T cell proliferation in vivo, the lack of specificity of the genetic targeting strategy made it difficult to assess whether FRCs were in fact responsible for enforcing this suppressive mechanism. Furthermore, the expression of Notch ligands on FRCs was not examined in these in vivo or in vitro studies. In our in vivo studies, irradiation of allo-BMT recipients upregulated the expression of several surface markers on stromal cells, changed their morphology, and resulted in profound remodeling of SLO microanatomy within the first few days of transplantation. Thus, it is possible that the highly inflammatory environment that ensues after irradiation, in combination with the differences in the nature and availability of antigen, could account for the extreme proinflammatory functions of fibroblastic stromal cells after allo-BMT. It is also possible that alloreactive T cells gain unique access to fibroblastic niches from which T cells are typically excluded, such as FDCs or follicular FRCs residing in the outer B cell zone. Alternatively, our observations may reveal a previously unrecognized proinflammatory function of stromal cells mediated by Notch signaling that also operates in other contexts.
With regard to a temporal requirement for Notch signaling, systemic delivery of DLL1/4-blocking antibodies at the time of transplantation had profound effects on T cell cytokine production, Treg expansion, and overall T cell alloreactivity, but inhi- (32) . During alloimmune responses, direct interaction of T cells with these defined stromal niches may deliver important molecular cues in a temporally and spatially controlled fashion. An in-depth characterization of the cellular and humoral signals delivered within these defined niches should provide additional critical insight into the molecular pathogenesis of GVHD. Furthermore, upstream signals and transcription factors controlling the expression of Delta-like Notch ligands and chemokines in fibroblastic stromal cells remain to be discovered.
It is interesting to speculate as to why alloreactive T cells derive all their critical DLL1/4-mediated Notch signals from small subsets of fibroblastic cells, while Notch ligands are expressed by multiple other cell types in SLOs, including endothelial cells and hematopoietic cells. The precise pattern of alloreactive T cell trafficking in SLOs may be important in explaining this phenomenon. We speculate that CCL19 and other chemokines such as CCL21 and CXCL13 recruit incoming alloreactive T cells into specialized fibroblastic networks that resemble B and T zone niches, where T cells engage in durable interactions with fibroblastic cells that induce high-intensity Notch signals. Adhesion molecules and other concomitant signals may also play a role in T cell retention in this microenvironment. As only limited information is available to date about how alloantigen-specific T cells traffic in SLOs during their initial priming (59) , additional investigations will be needed to address these questions.
Among fibroblastic stromal cells, FRCs support steady-state immune homeostasis through the secretion of IL-7, CCL19, and CCL21 (42, 60, 61) FRCs can regulate immunity through multiple mechanisms. FRCs form a scaffold to which DCs can adhere and present antigens to naive T cells, thus using the FRC network as a "road system" for their migration (45, 47, 62) . This random migration is enhanced by the chemokines CCL19 and CCL21, which are constitutively expressed by FRCs. Physical removal of FRCs after SLO development prevents the efficient activation and proliferation of antigen-specific T cells (37, 63, 64) . In contrast, in our studies, genetic Dll1/4 inactivation with Ccl19-Cre preserved T cell homing, as equivalent numbers of donor CD4 + and CD8 + T cells were isolated in SLOs. Furthermore, donor T cells upregulated the early activation markers CD69 and CD44 upon transfer into Tg 
Dll1
Δ/Δ Dll4 Δ/Δ mice, suggesting their preserved ability to encounter and respond initially to alloantigens. Finally, donor T cells demonstrated no obvious impairment in their ability to proliferate in response to antigen. Thus, our observations differ from the broader dysfunction of SLOs observed upon physical elimination of Ccl19-Cre + FRCs (37, 63, 64) . Instead, our targeted genetic approach sug- monitored at least weekly, as described previously (11, 14, 15, 76) . Antibody-mediated inhibition of Delta-like Notch ligands. Humanized IgG1-neutralizing antibodies against DLL1, DLL4, and isotype control were described previously (14, 70, 77) . All antibodies were injected i.p. (5 mg/kg twice weekly). The potency and specificity of each antibody batch was verified by assessing their capacity to achieve in vivo depletion of DLL1-dependent marginal-zone B cells or DLL4-dependent thymocytes (14, 24, 73) .
Generation of BM hematopoietic chimeras and GVHD induction. BM chimeras were rested at least 12 weeks to allow for establishment of steady-state hematopoiesis before GVHD induction. BM chimeras were irradiated with 2 doses of 5.5 Gy each ( 137 Cs), separated by 3 hours, and received 8 × 10
6 TCD BM ± 30 × 10 6 splenocytes from BALB/c donors (or syngeneic B6 donors as a negative control). Clinical GVHD score and weight changes were monitored at least weekly (11, 14, 15 EasySep; STEMCELL Technologies). LN and splenic stromal cell isolation. Stromal cells were isolated from LNs using a modified version of a previously described protocol (32, 42) . Briefly, peripheral LNs (cervical, axial, brachial, inguinal) from unirradiated or irradiated mice were coarsely chopped with a scalpel and incubated at 37°C for 15 minutes in digestion solution containing DMEM, 2% FBS, 1.2 mM CaCl 2 , penicillin/streptomycin, and 1.0 mg/ml collagenase IV (Invitrogen, Thermo Fisher Scientific) and 40 μg/ml DNAse I (Roche). Samples were pipetted gently and reincubated at 37°C until all solid material appeared to be dissolved. Suspensions were filtered through a 70-μM strainer and analyzed by flow cytometry. For spleen, chopped fragments were incubated at 37°C for 15 minutes with 1.0 mg/ml collagenase IV, 0.5 mg/ml collagenase D, 0.25 mg/ml dispase (Invitrogen, Thermo Fisher Scientific), and 40 μg/ml DNAse I (Roche). Samples were pipetted and macroscopic components allowed to settle while bition delayed by only 2 days failed to efficiently block GVHD. This narrow window of therapeutic sensitivity is significant in terms of translational applications. Indeed, short-term DLL1/4 inhibition during this critical time has emerged as an attractive therapeutic strategy for preventing GVHD without exposing recipients to the risks of long-term DLL1/4 blockade (69-71). Mechanistically, this narrow window might reflect the temporal delivery of a physical pulse of Notch signaling in defined microanatomical niches after allo-BMT. This physical pulse may result from transient exposure to cellular sources of Notch ligands that are typically inaccessible to T cells, or from prolonged initial contacts with fibroblastic stromal cell subsets that upregulate DLL1/4. Alternatively, our findings could reflect the existence of a unique window of T cell sensitivity to Notch signaling during early stages of priming and activation.
Altogether, our study reveals for the first time to our knowledge the existence of specialized subsets of host nonhematopoietic fibroblastic cells that deliver Notch signals to donor T cells at early stages after allo-BMT to program the pathogenicity of these T cells. Donor and host hematopoietic APCs were dispensable sources of Notch ligands, thus challenging the widely accepted hypothesis that motile APCs simultaneously provide both antigen and Notch ligands to prime T cells. These findings illustrate the importance of exploring Notch signaling in vivo using loss-offunction approaches, as relevant sources of Notch ligands may be missing from established in vitro experimental systems. Our work also highlights the utility of precisely targeting immunomodulatory pathways in stromal cells, as we uncovered what we believe to be a previously unrecognized pathogenic role for fibroblastic stromal cells independent of their functions in structural integrity and immune homeostasis. In GVHD, allograft rejection, and other immune disorders, we believe our findings pave the way toward selective inhibition of niche-derived signals that drive deleterious immune responses, without interfering with other essential immunological functions of the lymphoid environment. Induction and assessment of GVHD. Six-to ten-week-old BALB/c mice or eight-to twelve-week-old B6 recipients underwent allo-BMT as previously described (11, 14, 15) . Both female and male mice were used as recipients and were distributed equally among experimental groups. BALB/c mice received 8. Statistics. The sample size for in vivo mouse experiments was determined empirically on the basis of prior experience and used to calculate power with the "pwr" statistical package in R. Unless otherwise noted, all statistical tests were done using Prism software (GraphPad Prism7). Briefly, the means of 2 different groups were compared with an unpaired, 2-tailed Student's t test. If the variances of 2 groups differed significantly by F test, a Welch's correction for t tests was used. If multiple t tests were evaluated at once within a data set, the Holm-Sidak method was used to adjust for multiple comparisons, assuming α = 0.05. Survival curves were compared using a log-rank (Mantel-Cox) test. Bar graphs were generated with GraphPad Prism.
Study approval. All experiments were performed according to NIH guidelines and approved by the Committee on the Use and Care of Animals of the University of Michigan.
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Flow cytometric analysis. The following antibodies were from BioLegend: CD4 (clone GK1. (78) for 1 hour in NaN 3 and EDTA-free FACS buffer, stained with surface markers for 30 minutes on ice, washed twice, and stained in streptavidin-allophycocyanin (streptavidin-APC) (1:100) for 30 minutes on ice. For assessment of T cell cytokine production, donor splenocytes were stimulated with plate-bound anti-CD3 (2.5 μg/ml; clone 145-2C11; BD Biosciences) and anti-CD28 (2.5 μg/ml; clone 37.51; BD Biosciences) for 2 to 3 hours prior to the addition of monensin (GolgiStop; BD Biosciences). Samples were fixed and stained for intracellular proteins according to the manufacturer's instructions. Flow cytometric analysis was performed on a 3-laser Fortessa or 4-laser FACSAria II/III (both from BD). Dead cells were excluded with DAPI (Sigma-Aldrich) or Zombie Aqua Fixable Viability Dye (BioLegend).
Immunofluorescence microscopy. LNs and spleens were fixed in 1% PFA for 2 hours, sunk in 30% sucrose overnight, and embedded and frozen in Tissue-Tek O.C.T. (Sakura Finetek) in an ethanol-dry ice bath. Staining of 6-to 8-μm-thin cryosections was performed for 60 minutes or overnight at room temperature using the following antibodies: monoclonal anti-CD3ε (145-2C11); B220 (RA3-6B2); CD35 (8C12); PDPN/gp38 (8.1.1); MAdCAM-1 (Meca-89); (all purified in house at the Institute of Biochemistry, University of Lausanne, Lausanne, Switzerland); and polyclonal goat anti-DLL4 (AF1389; R&D Systems). The following secondary antibodies were used: donkey anti-rat biotin; donkey anti-rat Cy3; donkey anti-rabbit Cy3; donkey anti-sheep APC (all from Jackson ImmunoResearch); and streptavidin Alexa Fluor 488 and donkey anti-rabbit Alexa Fluor 647 (both from Invitrogen, Thermo Fisher Scientific). For DLL4 labeling, primary antibodies were detected using a biotinylated donkey anti-goat IgG followed by HRP-coupled streptavidin (Jackson ImmunoResearch) and tyramide signal amplification (Invitrogen, Thermo Fisher Scientific) according to the manufacturer's instructions, but using a borate buffer (0.1 M in PBS, pH 8.5) for tyramide dilution. eYFP was detected using a rabbit anti-GFP antibody followed by Alexa Fluor 488-conjugated donkey anti-rabbit IgG (both from Invitrogen, Thermo Fisher Scientific). Images were acquired on an AxioImager.Z1 microscope with an AxioCam and were processed in Adobe Photoshop. Specifically, image contrast was adjusted using the "levels" tool, while image sharpness was improved with the "unsharpen mask" command. Tissue sections were stained with 3 different fluorochromes, but
